The tumor-stroma crosstalk is a dynamic process fundamental in tumor development. In hepatocellular carcinoma (HCC), the progression of malignant hepatocytes frequently depends on transforming growth factor (TGF)-b provided by stromal cells. TGF-b induces an epithelial to mesenchymal transition (EMT) of oncogenic Ras-transformed hepatocytes and an upregulation of platelet-derived growth factor (PDGF) signaling. To analyse the influence of the hepatic tumor-stroma crosstalk onto tumor growth and progression, we co-injected malignant hepatocytes and myofibroblasts (MFBs). For this, we either used in vitro-activated p19 ARF MFBs or in vivo-activated MFBs derived from physiologically inflamed livers of Mdr2/p19 ARF double-null mice. We show that co-transplantation of MFBs with Ras-transformed hepatocytes strongly enhances tumor growth. Genetic interference with the PDGF signaling decreases tumor cell growth and maintains plasma membranelocated E-cadherin and b-catenin at the tumor-host border, indicating a blockade of hepatocellular EMT. We further generated a collagen gel-based three dimensional HCC model in vitro to monitor the MFB-induced invasion of micro-organoid HCC spheroids. This invasion was diminished after inhibition of TGF-b or PDGF signaling. These data suggest that the TGF-b/PDGF axis is crucial during hepatic tumor-stroma crosstalk, regulating both tumor growth and cancer progression.
Introduction
Hepatocellular carcinoma (HCC) represents the sixth most common cancer worldwide with a still increasing incidence (Parkin et al., 2005) . Independent on the various risk factors, HCC most frequently involves preceding inflammation, liver fibrosis and cirrhosis, the latter is considered as the pre-malignant hepatic condition (Friedman, 2004; Sherman, 2005) . In fact, more than 80% of HCC develops in pathological settings of both chronic hepatitis and cirrhosis during persisting regeneration of hepatocytes, which promotes genetic and epigenetic alterations (Kensler et al., 2003; Lee and Thorgeirsson, 2005) .
The interaction of malignant hepatocytes with nonparenchymal, stromal liver cells is crucial in liver carcinoma progression. Myofibroblasts (MFBs) are central in the hepatic tumor-stroma crosstalk by their modulation of extracellular matrix, fibrogenesis and chemoattraction of leukocytes (Iredale, 2007) . Hepatic MFBs mostly originate through activation of hepatic stellate cells (HSCs, also called Ito cells) and portal fibroblasts (Knittel et al., 1999; Geerts, 2001; Magness et al., 2004) . Furthermore, bone-marrow-derived mesenchymal stem cells contribute to the MFB population during liver injury (Forbes et al., 2004; Kisseleva et al., 2006; Russo et al., 2006) , and also non-malignant hepatocytes can convert into MFB-like cells (Ikegami et al., 2007; Zeisberg et al., 2007; Dooley et al., 2008) . The expression of a-smooth muscle actin (a-SMA) and glial fibrillary acidic protein (GFAP) are characteristic for hepatic MFBs derived from HSCs, and indicate chronic liver injury (Ramadori et al., 1990; Gabbiani, 2003) . MFBs are involved in extracellular matrix remodeling through increased synthesis of interstitial collagen type I and III, as well as expression of matrix metalloproteases and tissue inhibitors of matrix metalloproteases (Knittel et al., 1992; Roderfeld et al., 2006) . Furthermore, secretion of chemokines, such as monocyte chemoattractant protein (MCP)-1 (also known as Chemokine (C-C motif) ligand 2 (CCL-2)), by activated HSCs accounts for chemoattraction of monocytes and contribute to the inflammatory infiltration of activated Kupffer cells (Sprenger et al., 1999; Marra, 2002) .
The tumor microenvironment-controlled reprogramming of cytokine and chemokine networks during hepatocarcinogenesis is still poorly understood (Witz, 2008) . Transforming growth factor (TGF)-b-the strongest pro-fibrotic cytokine, which promotes the transition of HSCs to MFBs-enhances HCC progression through a paracrine mechanism, which is abrogated by inhibition of TGF-b/Smad signaling in hepatocytes (Gressner et al., 2002; Mikula et al., 2006) . Platelet-derived growth factor (PDGF), the strongest proliferation-inducing cytokine of HSCs, represents a further potent stimulus in the hepatic tumor microenvironment (Pinzani et al., 1996) . MFBs regulate TGF-b and PDGF production through autocrine mechanisms, and are therefore a potential source that might contribute to HCC progression (Ostman and Heldin, 2001; Campbell et al., 2005 Campbell et al., , 2007 . It remained unclear whether, and to what extent, PDGF produced by activated HSCs and MFBs contribute to HCC development. Interestingly, about 70% of HCC patients display upregulated levels of PDGF receptor-a (PDGF-Ra) in malignant hepatocytes, suggesting a significant role of PDGF signaling in human HCC (Stock et al., 2007) .
Multiple mechanisms are involved in the progression of HCC, including (i) activation of mitogen-activated protein kinase (MAPK) signaling (Tsuboi et al., 2004; Amann et al., 2009) , (ii) sustained stimulation of TGF-b signaling (Rossmanith and Schulte-Hermann, 2001; Breuhahn et al., 2006) and (iii) nuclear accumulation of b-catenin (Lee et al., 2006a) . In parallel, HCC progression frequently associates with an epithelial to mesenchymal transition (EMT) of hepatocytes caused by the collaboration of STAT5b with the hepatitis B protein, HBX, or by the cooperation of laminin 5 and TGF-b (Giannelli et al., 2005; Lee et al., 2006b ). In addition, EMT has been reported to occur in cirrhotic liver-derived hepatocytes that exhibited enhanced cell survival dependent on MAPK signaling (Nitta et al., 2008) . EMT is well known in embryonic development, but has been recently recognized as a central event in cancer progression, leading to an invasive, mesenchymal-like phenotype important for tumor cell spreading and metastatic dissemination (Thiery and Sleeman, 2006; Moustakas and Heldin, 2007) .
A typical hallmark of EMT in both mouse and human HCC is the disruption of E-cadherin/b-catenin complexes followed by nuclear translocation of stabilized b-catenin (Gotzmann et al., 2002; Giannelli et al., 2005) . A common mechanism to induce EMT and invasiveness involves the cooperation of TGF-b with Ras/MAPK signaling (Gotzmann et al., 2002; Grunert et al., 2003) , stabilized by the establishment of an autocrine TGF-b loop. Interestingly, EMT induced by the synergy of oncogenic Ras plus TGF-b in murine MIM hepatocytes involves the upregulation of PDGF-Rs to establish autocrine PDGF signaling (Fischer et al., 2007; Lahsnig et al., 2009) . Induction of hepatocellular EMT through TGF-b secreted by MFBs underscores the essential role of the hepatic microenvironment in modulating the invasive behavior of HCC cells . Therefore, investigating the molecular and cellular mechanisms underlying the tumor-stroma crosstalk is of fundamental importance for understanding HCC progression.
Here, we studied the TGF-b-and PDGF-dependent tumor-stroma interaction in a disease-relevant, murine HCC model in vivo as well as in a three dimension (3D) micro-organoid HCC model in vitro. The data suggest a crucial role for the TGF-b/PDGF signaling axis in controlling both tumor growth and progression involving EMT at the tumor-host border.
Results
MFBs enhance tumor growth associated with Ras/MAPK signaling To analyse the impact of the microenvironment on tumor growth and progression, we performed cotransplantation of neoplastic hepatocytes and liver myofibroblastoid cells in vivo. Subcutaneous rather than orthotopic co-injection was conducted to avoid influence on hepatocytes exerted by other hepatic cell types. More specifically, non-tumorigenic myofibroblastoid cells derived from activated HSCs by long-term treatment with TGF-b (M-HT; Proell et al., 2005) were cotransplanted with MIM-hepatocytes either expressing oncogenic Ha-Ras (MIM-R) or MIM-R overexpressing dominant-negative (dn) PDGF-Ra (MIM-R-dnP; Fischer et al., 2007) . MIM-R hepatocytes alone formed fivefold larger tumors than MIM-R-dnP cells alone (Figure 1a ), in agreement with our recently published findings (Fischer et al., 2007) . Co-transplantation of either MIM-R or MIM-R-dnP hepatocytes together with myofibroblastoid M-HT cells strongly accelerated tumor growth, resulting in threefold and fourfold larger tumor volumes as compared with those generated by MIM-R and MIM-R-dnP cells alone, respectively ( Figure 1a ). As expected, tumor weights closely corresponded to tumor volumes ( Figure 1b) . As a control, M-HT cells injected alone failed to induce tumor formation (data not shown).
Next, we analysed the involvement of MAPK and phosphoinositide 3-kinase signaling in tumor growth stimulated by MFBs. For this, MIM hepatocytes expressing the Ras mutants, S35-V12-Ras (MIM-S35) and C40-V12-Ras (MIM-C40), were employed, showing selective hyperactivation of extracellular signal-regulated kinase/MAPK and phosphoinositide 3-kinase/ protein kinase B signaling, respectively (Fischer et al., 2005) . Whereas MIM-C40 hepatocytes did not show any tumor formation (data not shown), MIM-S35 cells generated larger tumors (Figure 1c ; Fischer et al., 2005) than did MIM-R cells (Figure 1a) . Similarly, MIM-S35 hepatocytes co-expressing the dn PDGF-Ra (MIM-S35-dnP) showed reduced tumor size than did MIM-S35 control cells (Figure 1c) , again in accordance with recent studies (Fischer et al., 2007) . Co-transplantation of both MIM-S35 and MIM-S35-dnP hepatocytes with M-HT cells resulted in strong increase of tumor volumes, closely reflected by final tumor weights (Figure 1d ).
Taken together, these data indicate that tumor generation from oncogene-transformed hepatocytes strongly depends on PDGF/PDGF-R signaling (Figures 1a and b ; dark gray versus white bars). In contrast, the significant increase in tumor growth caused by co-transplanted MFBs might be due to PDGF-Rindependent mechanisms. MAPK-activated MIM-S35 hepatocytes are prone to develop tumors earlier as compared with MIM-R hepatocytes, whereas MIM-C40 cells were not tumorigenic at all, indicating that MAPK but not phosphoinositide 3-kinase signaling is essential for Ras-activated tumor development in MIM hepatocytes.
We next addressed the fate of M-HT myofibroblastoid cells during tumor formation after their cotransplantation with MIM-R hepatocytes. M-HT cells immortalized from p19 ARF null mice express markers specific for hepatic MFBs, such as a-SMA, GFAP, desmin and fibulin-2 (Sasaki et al., 1996; Morini et al., 2005) . Furthermore, M-HT MFBs proliferate in culture but are not tumorigenic in vivo Mikula et al., 2006) . Immunohistochemical (IHC) analysis of serial tumor sections of co-transplanted tumors revealed that MFBs establish strands of proliferating cell nuclear antigen-positive cells within the tumors, surrounded by green fluorescent proteinpositive hepatic tumor cells (Supplementary Figure 1a) . Indeed, MFBs present in tumors expressed desmin, fibulin-2 and GFAP (Supplementary Figure 1b) . Moreover, immunofluorescence of tumors arising from red fluorescent protein-expressing M-HT fibroblasts cotransplanted with green fluorescent protein-expressing MIM-R showed that few exogenous MFBs are still detectable 21 days after injection (Supplementary Figure  1c) . In conclusion, the increase of tumor formation caused by co-transplantation of hepatocytes and MFBs is most probably dependent on their reciprocal proliferative stimulation as MFBs injected alone do not show any tumor formation.
The tumor-promoting effect of inflammation-induced MFBs
To verify the impact of stromal fibroblasts on tumor growth in a more physiological setting, we established MFBs derived from inflammation-induced hepatic fibrosis in vivo. For this, we crossbred Mdr2 null mice, which spontaneously develop hepatic inflammation and severe fibrosis (Fickert et al., 2004) , with p19 ARF null mice allowing us to immortalize the respective MFBs. Tumor weights corresponding to cell transplantations described in (c). The statistical differences between kinetics of tumor formation were highly significant (Po0.005), except the differences between R and R-dnP þ M-HT, as well as between S35 and S35-dnP þ M-HT. Error bars denote s.e.m. Similar results were obtained in three further independent experiments. Each sample was injected into three mice per experiment. dnP, dominant-negative platelet-derived growth factor receptor-a; M-HT, hepatic stellate cells long-term treated with TGF-b; MIM-R, p19
ARF null hepatocytes overexpressing Ha-Ras; MIM-S35, p19 ARF null hepatocytes expressing the mutant S35-V12-Ras.
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As expected, 4-week-old Mdr2/p19 ARF double-null mice showed a phenotype comparable with Mdr2 null control mice, including periductal fibrosis and vast accumulation of MFBs around enlarged bile ducts. In contrast, bile ducts from control p19 ARF null mice resembled wildtype tissues (Supplementary Figure 2a) . Isolation of hepatic non-parenchymal cells 4-weeks postnatal resulted in a homogenous population of Mdr2/p19 ARF double-null myofibroblastoid cells, referred to as Mdr2-p19, which showed expression of the hepatic MFB markers a-SMA, GFAP, desmin and fibulin-2 (Supplementary Figure 2b ). In contrast to MFBs isolated from Mdr2 null mice, which started to degenerate after 5 days in culture, Mdr2-p19 MFBs showed proliferation and expansion into mass cultures (Supplementary Figure 2c) .
MIM-R or MIM-R-dnP hepatocytes were then cotransplanted with Mdr2-p19 MFBs. To avoid a conceivable loss of inflammation-induced activation of the Mdr2-p19 MFBs on prolonged tissue culture, they were already used after 14 days of culturing. Rather than performing co-transplantations at a hepatocyte to MFB ratio of 1:10 (as done for MIM-R and M-HT cells), hepatocytes were co-injected with Mdr2-p19 cells at a ratio of 1:4 because of lower cell numbers available at the desired conditions. Co-transplantation of malignant cells with Mdr2-p19 MFBs resulted in a moderate increase of tumor volumes as compared with MIM-R or MIM-R-dnP alone (Figure 2a) . Again, tumor weights corresponded to tumor volumes ( Figure 2b ). As expected, increased proliferation of malignant hepatocytes from either MIM-R-or MIM-R-dnP-derived tumors could be detected in the presence of M-HT or Mdr2-p19 MFBs by quantification of Ki-67-positive cell nuclei (Figures 2c and d) . Similar to M-HT MFBs, Mdr2-p19 cells were non-tumorigenic when transplanted alone (data not shown). Taken together, cotransplantation with MFBs isolated from the inflamed liver verified the enhancement of tumor growth by the hepatic stroma, confirming their tumor promoting role in HCC.
PDGF signaling is necessary for maintenance of EMT at the tumor-host border of experimental HCC Intact PDGF/PDGF-R signaling was crucial for tumor growth in HCC, as intervention with PDGF-R resulted in lower tumor volumes (Figures 1 and 2) . We next assessed whether paracrine PDGF signaling was also important for tumor progression. As tumor progression is based on soluble, auto-or paracrine cytokines, we first measured secretion of TGF-b and PDGF, proposed as key regulatory cytokines within tumor-stroma crosstalk (Bhowmick et al., 2004; Pollard, 2004; de Visser and Coussens, 2006) . As expected, in vitro TGF-b treatment of MIM-R and MIM-S35 hepatocytes with or without dn-PDGF-R expression stimulated autocrine TGF-bproduction in all cell types (Figure 3a) . PDGF-AA secretion was massively induced on TGF-b treatment in all cell types except in MIM-S35-dnP cells (Figure 3b) . Interestingly, interfering with PDGF-R resulted in a decrease of PDGF-AA secretion, verifying an autocrine loop. Importantly, in vivo-activated fibroblasts (Mdr2-p19) showed a threefold higher secretion of TGF-b1 ( Figure 3c ) and a higher secretion of PDGF-AA (Figure 3d ) than in vitro-activated fibroblasts (M-HT), although the latter feature was rapidly lost under cell culture conditions. Secretion of PDGF-AB or PDGF-BB could hardly be detected in these cells (data not shown).
These data verify that TGF-b-dependent activation of autocrine PDGF secretion and PDGF-R signaling is essential for experimental HCC development and progression (Gotzmann et al., 2006; Fischer et al., 2007) . It is therefore very likely that MFB-produced, paracrine TGF-b and PDGF cause the observed tumorpromoting effects of co-transplanted MFBs. Accordingly, we examined the expression of PDGF-Ra in tumor sections by IHC staining. Elevated levels of PDGF-Ra were predominantly observed in regions close to the tumor edge, whereas the tumor center was less strongly stained or even devoid of PDGF-Ra expression (Supplementary Figure 3a) . Overexpression of Smad7, a protein inhibiting TGF-b signaling, abolished PDGF-Ra expression in MIM-R cells throughout the tumor, indicating an essential role of TGF-b signaling in PDGF-R expression at the tumorhost border (Supplementary Figure 3a) . The overexpression of Smad7 in respective cells has been confirmed by quantitative reverse transcriptase PCR (Supplementary Figure 3b) .
To assess the role of PDGF/PDGF-R signaling during tumor progression, as indicated by EMT at the tumor-host border, we next performed IHC staining with various EMT markers in serial tumor sections. At the edge of tumors arising from MIM-R alone or MIM-R co-transplanted with M-HT, green fluorescent protein-positive tumor cells underwent EMT by losing membrane-localized E-cadherin and b-catenin, while showing elevated levels of non-destructible, nuclear bcatenin (Figure 4 ; T,t). In contrast, the tumor centers showed a heterogeneous pattern of epithelial and mesenchymal characteristics (Supplementary Figure 4) . As an internal control, distinct plasma membranelocalized E-cadherin and b-catenin were observed in the epidermal keratinocytes (Figure 4, S,s) . These data indicate that EMT of neoplastic hepatocytes predominantly occurs at the tumor edge, involving disruption of E-cadherin-dependent cell adhesion and nuclear translocation of b-catenin, which was accompanied by coexpression of the b-catenin target gene, p16
INK4A
(Supplementary Figure 5a) . In addition, malignant MIM-R hepatocytes showed induction of the mesenchymal marker a-SMA and loss of the epithelial constituent p120-catenin (p120 ctn ) at the tumor-host border, which both underline EMT (Supplementary Figure 5b) .
In contrast, tumors generated by MIM-R-dnP alone or by MIM-R-dnP co-transplanted with M-HT failed to show EMT signatures at the tumor-host border ( Figure 5 and Supplementary Figure 5b PDGF is crucial in the hepatic tumor-stroma crosstalk F van Zijl et al border, MIM-R-dn-P cells maintained an epithelial phenotype because of interference with PDGF signaling. Unexpectedly, nuclear b-catenin (ABC) was detected in all combinations and independent of ablating PDGF signaling (Figures 4-6 ), suggesting that certain aspects of EMT occurred in the presence of dnP. This could either be due to incomplete blockade of PDGF signaling by expression of dnP or due to PDGF-independent mechanisms activating two distinct isoforms of bcatenin (Gottardi and Gumbiner, 2004; Herzig et al., 2007) . In conclusion, the vast impact of the host can induce EMT of malignant MIM-R cells at the tumor edge, independent of co-transplantation of MFBs. Interfering with PDGF signaling abrogates this invasive phenotype at the tumor-host border, indicating that intact PDGF signaling is crucial for maintenance of TGF-b-induced EMT for further invasion and metastasis.
MFBs induce local invasion
The above results showed that tumor-stroma interaction with murine skin did induce EMT in malignant hepatocytes dependent on an intact PDGF signaling, whereas co-transplanted activated MFBs strongly enhanced tumor growth, but did not show a clear effect on EMT formation. To study the impact of MFBs in a distinct, spatially extended tumor-stroma interface without interference of the host, we developed a 3D micro-organoid in vitro tumor model. In this assay, tumor spheroids were prepared from 100 MIM-R cells and co-cultivated with MFBs in the surrounding gel. MIM-R spheroids alone showed proliferation in 3D gels and an epithelial phenotype. The spheroids were even able to fuse, while maintaining their epithelial characteristics ( Figure 7a , left panel). Co-cultivation of spheroids with adjacent Mdr2-p19 fibroblasts induced strong invasion of tumor cells into the gel. These cells lost their epithelial phenotype, as indicated by loss of plasma membrane-bound E-cadherin (Figure 7a , middle panel), b-catenin and ZO-1 (zona occludens) (Supplementary Figure 7) . Interestingly, these changes in marker localization occurred while cells of spheroids scattered and gained mesenchymal features, that is, the ability of detaching from each other and invading into the gel as single cells (Figure 7a ; arrows). The effect of this tumor-stroma interaction was completely abolished by employing the TGF-b receptor inhibitor, LY02109761 (Lahsnig et al., 2009) , which restored a compact spheroid morphology and plasma membrane expression of E-cadherin (Figure 7a ), ZO-1 and bcatenin (Supplementary Figure 7) . Inhibition of PDGF signaling by Imatinib (STI 571) was only partially able to block the MFB-induced dispersion and invasion of tumor spheroids. PDGF-R inhibition resulted in cells invading the collagen gels, but never detaching from Figure 5 Hepatocellular epithelial to mesenchymal transition (EMT) at the tumor-host interface is impaired by ablation of platelet-derived growth factor (PDGF) signaling. Tumor tissues collected 21 days after co-transplantation of MIM-R-dnP hepatocytes alone (R-dnP) or in combination with M-HT myofibroblasts (R-dnP þ M-HT) were processed for standard histology and immunohistochemical staining on serial sections. Labeling of tumor (T,t) and epidermal (S,s) regions were done as in Figure 4 . Staining of persistent plasma membrane-bound E-cadherin and bcatenin indicate a blockade of EMT at the tumor edge. Insets (t,s) show staining sections at higher magnification. Black lines indicate tumor-host borders. Scale bar, 100 mm.
PDGF is crucial in the hepatic tumor-stroma crosstalk F van Zijl et al recombinant TGF-b, PDGF or with supernatant of Mdr2-p19 MFBs. As expected, PDGF alone could not induce EMT (data not shown), whereas TGF-b and conditioned medium provoked cell invasion by displaying cord-like structures and EMT, which was associated with destruction of membrane-bound b-catenin (data not shown), E-cadherin and stress fibre formation (Figure 7b ). Taken together, these data confirm that the tumor-stroma interaction is crucial for tumor development, wherein TGF-b induces and PDGF maintains EMT at the tumor-host border.
Discussion
In this study, we analysed the crosstalk between malignant hepatocytes and MFBs in a co-transplantation model in vivo, with the particular focus on TGF-b and PDGF signaling. We show by genetic intervention that PDGF signaling is necessary for both tumor growth and maintenance of EMT at the tumor-host border. The latter finding was corroborated in a 3D microorganoid HCC model in vitro, in which MFB-induced tumor cell invasion was diminished after pharmacological intervention with TGF-b or PDGF signaling. These results indicate a crucial role of the TGF-b/PDGF axis in both hepatocellular tumor growth and progression. Tumor growth factor-b represents one of the most potent cytokines produced by the tumor-stroma, which induces or enhances the expression of PDGF-Rs and the secretion of PDGF-AA in hepatocytes (Figure 3 , Gotzmann et al., 2006) and other tumor models (Jechlinger et al., 2006) . The cooperation between TGF-b and MAPK signaling is crucial for the induction of EMT and the survival of hepatocytes during tumor progression. Here, we show that PDGF-Ra is essential for tumor growth of HCC as well as for maintenance of EMT at the tumor edge, whereas initiation of EMT requires TGF-b signaling.
We also were interested to identify further cytokines important for the hepatic tumor progression. Vascular endothelial growth factor (VEGF) induces neoangiogenesis and, thus, promotes tumor growth and progression (Bissell and Radisky, 2001; Pardali and Moustakas, 2007) , and has been shown to be stimulated by TGF-b at the mRNA level (Benckert et al., 2003) . We observed an increased VEGF secretion of myofibroblastoid Mdr2-p19 compared with M-HT ( Supplementary Figure 8a) and a TGF-b-dependent secretion of VEGF-A in malignant Ras-expressing hepatocytes (Supplementary Figure 8b) . However, no differences in blood vessel density were detected, neither by IHC staining with the panendothelial marker, MECA-32, nor by staining with VEGF-R2.
An important role of PDGF during tumor-stroma interaction is the regulation and modulation of immune cell function. TGF-b inhibits proliferation and differentiation of B-and T lymphocytes, and thus establishes an immune-suppressive microenvironment (Pardali and Figure 7 Myofibroblasts provoke invasion of malignant hepatocytes. Three-dimensional micro-organoid tumor tissues were employed to study the molecular crosstalk between malignant hepatocytes and their associated myofibroblasts. (a) Immunofluorescent staining of E-cadherin (red) was performed to monitor epithelial organization, cell nuclei were counterstained with Hoechst dye (blue) and green fluorescent protein (GFP) of MIM-R was visualized (green, inset). MIM-R spheroids alone (w/o Mdr2-p19) show intact epithelial structures depicted by plasma membrane-bound E-cadherin, which is still persistent while two spheroids fuse into one (left panels). Co-cultivation of MIM-R spheroids with Mdr2-p19 myofibroblasts in the surrounding gel induced dispersion of spheroids and invasion of GFP-positive MIM-R hepatocytes (middle panels). Cytoplasmic E-cadherin indicates loosening of cell-cell contacts and detachment of GFP-positive single cells (arrows). Incubation with the TGF-b inhibitor, LY02109761 (20 mM), abrogated this epithelial to mesenchymal transition (EMT)-like process, yielding compact spheroids expressing plasma membrane-bound E-cadherin (upper right panel). Treatment with the platelet-derived growth factor receptor (PDGF-R) inhibitor STI 571 (Imatinib; 5 mM) resulted in persistent epithelial structures and partial inhibition of invasion (lower right panel). (b) Incubation of MIM-Ras spheroids with either TGF-b1 (2.5 ng/ml, left panels) or supernatant (SN) of Mdr2-p19 myofibroblasts induced both extensive invasion into the gel, depicted by loss of membrane-bound E-cadherin (red, upper panel), and rearrangement of the cytoskeleton depicted by actin (red, lower panel). Insets show GFP fluorescence. For each constitution, one representative spheroid out of a minimum of 100 spheroids is shown.
metalloproteases and cytokines such as TGF-b, fibroblast growth factor-2 and PDGF (Bissell and Radisky, 2001) . We observed a time-and context-dependent impact of inflammation and fibrosis on liver tumor progression, as Mdr2-p19 MFBs, isolated at the first peak of inflammation (Fickert et al., 2004) , show elevated CCL-2/MCP-1 secretion ( Supplementary Figure 8c) . Secreted CCL-2/MCP-1 might recruit immune cells, such as macrophages, which contribute to early phases of the immune response. In contrast, M-HT cells develop from HSCs that have undergone long-term treatment with TGF-b, and show elevated CCL-5/ Rantes secretion (Supplementary Figure 8d) typical for later stages of inflammation. Secreted CCL-5/Rantes might attract B-and T cells and enhance metastatic abilities of the tumor (De Wever et al., 2008) . However, we examined tumor-stroma interactions in an immunesuppressed microenvironment of SCID (severe combined immunodeficient) mice.
We propose that the reciprocal tumor-stroma interactions enhance liver tumor growth and progression. During early stages of hepatocarcinogenesis, TGF-b released from nonparenchymal compartments, such as immune cells, causes the transdifferentiation of HSCs and portal fibroblasts to MFBs, which then secrete TGF-b and PDGF (Supplementary Figure 9) . TGF-b induces EMT of neoplastic hepatocytes in cooperation with MAPK signaling, and at the same time stimulates autocrine production of PDGF, which maintains EMT. Resulting malignant hepatocytes produce both TGF-b and PDGF, which in turn stimulate the microenvironment to further generate and attract hepatic MFBs. Cytokines and chemokines produced by these MFBs, such as CCL-2/MCP-1 and CCL-5/Rantes, attract immune cells (Supplementary Figure 9) . In summary, liver fibrosis and cirrhosis generate activated MFBs that are crucial for HCC development. These MFBs provoke malignant hepatocytes to undergo EMT at the tumor edge and thus render them capable to invade and metastasize. Targeting the TGF-b/PDGF axis in this context could be a promising way to interfere with both tumor cells and MFBs to efficiently combat hepatocarcinogenesis.
Material and methods

Cell culture
Immortalized p19
ARF null hepatocytes (MIM) expressing oncogenic Ha-Ras, termed MIM-R, the mutants, S35-V12-Ras and C40-V12-Ras, referred to as MIM-S35 and MIM-C40, respectively (Fischer et al., 2005) , as well as those co-expressing the dn-PDGF-Ra (MIM-R-dnP and MIM-S35-dnP) were cultured as described (Fischer et al., 2007) . Myofibroblastoid cell types from p19 ARF null mice (M-HT, Proell et al., 2005) , M-HT expressing red fluorescent protein, as well as those isolated from Mdr2 null and Mdr2/p19 ARF double-null mice (referred to as Mdr2 and Mdr2-p19, respectively) were grown on tissue culture plastic in Dulbecco's modified Eagle's media supplemented with 10% fetal calf serum and antibiotics. M-HT myofibroblastoid cells derived from HSCs (M1-4HSC) after long-term treatment with TGFb1 were continuously supplied with 1 ng/ml TGF-b1 (R&D Systems, Minneapolis, USA). All cells were kept at 37 1C and 5% CO 2 , and routinely screened for the absence of mycoplasma.
Co-transplantation and tumor formation in vivo In total, 1 Â 10 5 cells of each malignant cell type (MIM-R, MIM-S35, MIM-C40, MIM-R-dnP or MIM-S35-dnP) were mixed in 100 ml medium either with myofibroblastoid M-HT or with Mdr2-p19 cells in a ratio of 1:10 or 1:4, respectively, and subcutaneously injected into three individual SCID/BALB/c recipient mice as outlined recently . As control, each cell line (1 Â 10 5 ) was subcutaneously inoculated alone and tumor volumes were calculated as described (Gotzmann et al., 2002) . Tumor incidences were equal to 100%. Tumors were surgically removed 3 weeks after injection and processed for further analysis. Experiments were performed in triplicate to quadruplets, and carried out according to the Austrian guidelines for animal care and protection.
Immunohistochemistry
Experimental tumors were fixed in 4% formaldehyde/ phosphate-buffered saline. Paraffin-embedded tissues were cut into 4 mm-thick sections and stained with hematoxylin and eosin or trichrome (Sigma, St Louis, USA). The following primary antibodies were used at a dilution of 1:100: anti-proliferating cell nuclear antigen (Dako, Carpintera, USA), anti-b-catenin and anti-Ecadherin (Transduction Laboratories, Lexington, UK), anti-active-b-catenin (clone 8E7, Upstate, Lake Palcid, USA), anti-a-SMA (Dako, Glostrup, Denmark), antigreen fluorescent protein (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PDGF-Ra (NeoMarkers, Fremont, CA, USA), anti-desmin (Clone D33, Dako), anti-GFAP (Dako), anti-fibulin-2 (kindly provided by Dr T Sasaki), anti-p16 INK4A (Santa Cruz Biotechnology), anti-p120 ctn (BD Transduction laboratories, Franklin Lakes, NJ, USA) and anti-Ki-67 (Novocastra, Newcastle, UK). Subsequently, corresponding biotinylated secondary antibodies were applied, and visualization was carried out with the vectastain ABC kit (Vector Laboratories, Burlingame, USA).
3D micro-organoid murine HCC model Spheroid formation and incubation was performed as described (Dolznig et al., submitted) . Briefly, for spheroid formation, single cell suspension (100 cells per 100 ml) in RPMI containing 20% methyl cellulose (Sigma) was incubated for 2 days at 37 1C and 5% CO 2 . After harvesting, 96 spheroids were mixed alone or with 2 Â 10 5 MFBs (Mdr2-p19) in collagen I (Sigma) and plated into plastic jigs to harden at 37 1C. Subsequently, gels were transferred into a 24-well plate and incubated with medium at cell culture conditions as outlined. 2.5 ng/ml TGF-b1 (R&D Systems) or supernatant of
